The paper discusses technical aspects of constructing a highly versatile multi-photon source. The source is able to generate up to four photons which is sufficient for a large number of quantum communications protocols. It can be set to generate separable, partially-entangled or maximallyentangled photon pairs with tunable amount of purity. Furthermore, the two generated pairs can be prepared in different quantum states. In this paper, we provide all the necessary information needed for construction and alignment of the source. To prove the working principle, we also provide results of thorough testing.
I. INTRODUCTION
Light is an outstanding carrier of information. For this reason, linear optics is one of the most heavily exploited platforms for quantum information processing (QIP) [1, 2] . Although many linear-optical quantum gates are probabilistic in their nature, they are experimentally well accessible [3] . These particular qualities make linear optics an appealing platform for proof-ofprinciple experiments [4] [5] [6] [7] [8] and for implementing quantum communications protocols [9] [10] [11] [12] [13] . Both continuous and discrete states of light have been used to transmit quantum information. The latter make use of individual photons and encode qubits into such degrees of freedom as polarization, position or orbital angular momentum [14] [15] [16] .
There is a broad portfolio of physical processes that lead to single-photon emission or at least to emission of states close to the Fock |1 state. The single-photon sources reported in the litterature are based on single atoms [17, 18] , ions [19] [20] [21] , molecules [22, 23] , quantum dots [24] [25] [26] [27] or even crystal defects [28] [29] [30] . While these are promising techniques, in the majority of linearoptical QIP experiments so far, photons were generate in the process of spontaneous parametric down-conversion (SPDC) in bulk crystals [31] [32] [33] [34] [35] or waveguides [36] [37] [38] [39] [40] .
SPDC is a non-linear optical process occurring in materials with second order optical non-linearity [41] . This process results in spontaneous transformation of a pumping photon into a pair of photons reffered to as signal and idler. Mathematically, it can be described in terms of an interaction Hamiltonian (in the rotating frame) [42] is the annihilation operator of the pumping mode. In typical configuration, the pumping mode is in a nondepletable coherent state (strong laser pumping) and the interaction is sufficiently weak to approximate the states of signal and idler modes using an expansion in the Fock basis
where κ = it h χ â p and t is the interaction time. Given that κ 1, vacuum becomes the predominant term in Eq. (2) . To increase the overlap of the state in Eq. (2) with a perfect Fock |1 state, SPDC-based single-photon sources are often used in conjunction with detection postselection [43] or heralding [44] . For instance, results are registered only if photons are detected in both signal and idler modes simultaneously. This strategy allows to effectively reduce the generated state into
which can be made arbitrarily close to a perfect Fock state |11 by decreasing the interaction strength or pumping beam power. The benefit of SPDC-based light sources is that two photons in different spatial modes are generated at the same time and can, thus, be immediately used in two-qubit QIP logical gates.
Historically, SPDC has been used as a two-photon source in the seminal Hong-Ou-Mandel experiment [45] or to power some of the key experiments including fundamental quantum gates [5] [6] [7] 46] or quantum communications protocols [12, 47, 48] . SPDC not only allows to generate two individual photons at once, but it also allows to generate these photons in an entangled state. Originally, entanglement was achieved by using Type II SPDC process [49] , like for instance in the first teleportation experiment [4] . Recently, however, a crystal cascade (a.k.a. Kwiat source) becomes more and more popular [50] Schematic representation of the four-photon source. Individual components are labeled as follows: BD -beam displacer, HWP -half-wave plate, QWP -quarter-wave plate, L -lens, BBO -β-barium borate, F -filter, M -motorized translation, PC -polarization controller. Working principle is described in the text.
their axes are in mutually perpendicular planes. Thus, the crystals generate a photon pair with mutually orthogonal polarizations. Entanglement arises from the coherent generation of photons in these two crystals.
Experiments requiring more than two photons rely on repeated generation of photon pairs [51] [52] [53] , remarkably even with independent sources of pumping [54] . It was shown that the process can scale up to 5 generated photon pairs [53] . To minimize generation-time jitter across the generated pairs, ultrashort pumping pulses are applied. The combination of crystal cascade and femtosecond pulsing was experimentally demonstrated in 2002 but with only one generated photon pair [55] . Later, Dobek et al. generalized the scheme to obtain two pairs (four photons) [56, 57] . Their setup, however, does not allow to generate the two photon pairs in mutually different states.
In this paper, we describe in detail construction of a highly versatile four-photon source. To our best knowledge, this configuration brings more tunability and, in comparison to previously reported sources, allows to generate a broader class of quantum states. By using the pumping beam twice, our source is more effecient than other recent designs [58] .
II. TECHNICAL DESCRIPTION
The core of our four-photon source is a BBO (β-barium borate) crystal cascade cut for Type I SPDC (see Fig. 1 ). The crystal cascade consists of two crystals, each 0.1 mm thick, optically contacted so that their optical axes lie in perpendicular planes (manufactured by Cleveland crystals, USA). Cut angles for these crystals are 29.1 degrees resulting in an angle of about 4 degrees between propagation directions of the pump beam and the generated photons. One of the crystals converts horizontally polarized pump beam into vertically polarized photon pairs (|V V ). In the second crystal, horizontally polarized photon pairs (|HH ) are obtained from vertically polarized pumping photons. Note that these two processes are indistinguishable and coherent. Thus, when the cascade gets pumped by a generally polarized light beam, polarization entangled state
is produced, where tan α corresponds to the ratio between amplitudes in the horizontal and vertical polarization modes of the pumping beam and ϕ to their mutual phase shift. For more details about the working principle of the crystal cascade, see the original proposal in Ref. [50] . The pumping beam originates from a Coherent Mira laser system which generates 80 million femtosecond pulses per second spectrally centered at 826 nm with spectral full width at half of maximum (FWHM) of about 10 nm and duration of about 120 fs. Typical output mean power measured directly behind the laser was 850 mW. Next, the beam gets frequency doubled in a secondharmonics generation (SHG) unit (home-made) equipped with a 2 mm thick BBO crystal. Now, the frequencydoubled beam centered at 413 nm has spectral width of 4.4 nm and typically 310 mW of optical power. At the output of the SHG unit the remaining light of the fundamental beam was filtered out by narrow-band interference filter F in .
In the next step, we tailor the pumping beam properties. A half-wave plate (HWP A ) is used to change the ratio between horizontal and vertical polarization component of the beam and thus tune the angle α of the generated state (4) . As a result of group velocity polarization dispersion that occurs in the BBO material [55] , the horizontally and vertically polarized wave packets of the generated photons are shifted in time. This effect is comparable to the time duration of the femtosecond pumping pulses and has to be compensated for. We implement such compensation in a form of a polarization Mach-Zehnder interferometer consisting of two beam displacers (BD40 by Thorlabs) with a half-wave plate placed between them. The HWP is rotated by 45 degrees with respect to horizontal polarization direction. By unbalancing the interferometer arms, we mutually delay the horizontal and vertical polarization components of the pumping beam. Such shift can be set so that it compensates the subsequent polarization dispersion in the BBO material. The |HH and |V V components of the generated photon pair then become indistinguishable in time.
On the other hand, the compensation can be made deliberately incorrect resulting in generation of pairs with variable purity. Using a piezo element for tilting one of the beam displacers, we are also able to change the mutual phase shift between the interferometer arms and thus tune the parameter ϕ of the generated state (4). Two lenses L 1 and L 2 with focal length 150 mm and 180 mm respectively were used to focus beam into the crystal cascade in forward and backward direction.
The properly tailored pumping beam impinges the crystal cascade and photons are generated into the forward propagating modes 1 and 2. Then the pumping beam gets reflected on the mirror mounted on motorized translation M 3 and re-enters the crystal cascade in the backward direction generating photons into modes 3 and 4. We place a quarter-wave plate QWP C between the crystal cascade and the mirror so that polarization of the pumping beam can be fully or partially swapped (horizontal ↔ vertical). This way we can fully or partially compensate for the polarization dispersion. As a result, we generate a quantum state in the backward propagating direction with different purity from the state in the forward direction. Note that because the pumping beam passes this QWP twice, it acts effectively as a HWP.
The photons travel about 20 cm from the crystals in free space before being collected by fiber couplers equipped with narrow interference filters F (various spectral widths -see testing below) into single-mode fibers. Hence, we implement both spectral and transversal mode filtering. By finetuning the position and focus on these couplers, we can collect photons predominantly from one of the crystals. Thus we control the parameter α of the collected state. We were for instance able to generate a maximally entangled state in the forward direction and then only couple signal from one crystal in the backward direction obtaining there a separable state. We can also place HWPs and QWPs in front of the fiber couplers to transform the generated photonic states even further (e.g., to generate a singlet Bell state) or vary the angle ϕ by tilting these plates. Fibers are equipped with polarization controllers which negate polarization changes in non-polarization maintaining fibers. Modes in forward direction are delayd by 1 m of additional fiber to be coincident in time with backward modes.
III. ALIGNMENT
In this section, we review the key steps involved in the alignment of the four-photon source. One starts by adjusting the laser system and subsequent SHG unit. These procedures however depend on the specific device used. Thus, we refer the reader to the relevant user's manual.
To achieve a reproducible beam propagation through the setup each time the laser is turned on, we insert several irises to the pumping beam path. As a first step, all lenses are removed and by steering mirrors at the output of the SHG unit, the beam is traced through the irises all its way to the final mirror M 3 (we recommend placing temporarily a beam block in front of M 3 ). Lenses are then placed back and by means of their transversal positioning, one makes sure that the forward propagating beam is also well aligned with the irises. Finally, tilts of the mirror M 3 are used to trace the reflected beam through the irises and back close to the output of the SHG unit.
All fiber couplers are connected to single-photon detectors (avalanche photodiodes) and their tilts and positions are optimized to couple as much signal as possible. We usually start the procedure with edge filters and once a strong signal is observed, we switch to narrower interference filters. Using proper electronics (e.g., TAC-SCA modules by Ortec with 5 ns windows), we register the two-fold coincident detections between photon couplers corresponding to the forward and backward propagating photon pairs. To maximize these coincidences, we gradually change the vertical tilt and position of one of the fiber coupler of each photon pair.
To generate entangled photon pairs of a given purity, the wave plates HWP A and QWP C are set to modify the pumping beam polarization as described in the previous section. Purity of the forward generated entanglement is tuned by vertically tilting one of the beam displacers (BD) thus introducing polarization dispersion to compensate for the polarization dispersion inherent to BBO.
Finally, we detect the four-fold coincidences in the following way: first, we use TAC-SCA modules (5 ns windows) to register coincident detections between photons in modes 1&3 and 2&4 (photons of different pairs). Subsequently, we obtain the four-fold coincident detections by joining the outputs from TAC-SCA units on a coincidence logic with a wide coincidence window of 460 ns. Due to the low rate of coincident generation of the two pairs, this broad window does not introduce significant amount of accidental coincidences.
In our particular case, a properly aligned setup was able to generate single photons with generation yields ranging typically from 10 to 100 kHz depending on the spectral filter used. Forward and backward propagating photon pairs occur with frequency 1 to 10 kHz. Frequency of coincident detection between two photons of different pairs is 10 to 100 Hz. Four photon coincident detections occur 1 to 10 times per minute. We have subjected our source to a series of tests to verify that it operates correctly. In the first step, we have implemented a full quantum state tomography of the forward and backward propagating photon pairs. The tomography consists of performing combinations of polarization projection measurements accomplished by a series of HWP, QWP and a polarizer in front of each fiber coupler. For more details about this procedure, refer to Ref. [59] . Simultaneously, we have registered coincident detections of photons in modes 1 and 2 (for the forward propagating pair tomography) and modes 3 and 4 (backward propagating pair tomography). For this particular measurement, the fiber couplers were equipped with 5.5 nm interference filters. We have carried out quantum state tomography on a wide range of source settings, observing pure, mixed, separable and entangled states. Table I summarizes parameters of the four most representative states. The respective density matrices are depicted in Fig. 2 . Mixed states presented are in the form of
where
(|HH ± |V V ). We have obtained comparable results for both forward and backward propagating photon pairs. Typically, we are able to reach purities above 95% even for maximally entangled states which are the most sensitive to decoherence. The source also allows to generate maximally mixed states of purities close to 50%.
Due to the relatively low generation yield, multiphoton quantum experiments usually take long time to acquire enough signal. It is crucial that the source remains stable during the entire measurement. We have tested the phase ϕ stability by preparing a triplet Bell state |Φ + in the forward direction and then performing polarization projection onto diagonal linear polarization
(|H + |V ) in mode 1 and onto circular polarization
It is easy to see that we should obtain half of the coincidence rate with respect to signal observed when both modes are projected onto diagonal polarization. If the phase ϕ changes, the observed coincidence detection rate either increases or decreases. Thus, stability of the coincidence rate certifies stability of the phase ϕ. Figure 3 depicts the evolution of observed coincidence rate in the above described configuration across several hours. The phase ϕ remains stable within typical range of ±π/30 during the entire measurement.
B. Two-photon interference between photons of identical pair
Multiphoton linear-optical quantum gates are basically complex single and two-photon interferometers. Carefully tailored interference then produces the desired information processing effect. Two-photon interference, or two-photon bunching, is a purely quantum effect. In order to observe high visibility interference patterns, the interfering photons must be (a) close to ideal Fock |1 states and (b) must be indistinguishable in all degrees of freedom (i.e., polarization, transversal mode, frequency spectrum). Moreover, the photons must also be indis- tinguishable in the arrival time to the detectors. This condition is quite elegantly fulfilled when dealing with photons generated in pairs as the jitter between their respective generation times is negligible.
To test the indistinguishability of the photons generated by our source, we have appended a simple twophoton interferometer to the forward and then also backward propagating pairs. This interferometer consists of a balanced 2×2 fiber coupler with output ports leading to the detectors (see Fig. 4a ). It is well known that indistinguishable photons bunch on such fiber coupler resulting in lack of coincident detections observed by the detectors. To observe this bunching effect, we have equipped one of the fiber couplers with a motorized translation allowing to change the arrival time of one photon with respect to the other. The quality of interference and the indistinguishability is expressed in terms of visibility V defined as Table II. where cc max and cc min stand for coincidence detection rate in the maximum (photons arrive at different times) and minimum (photons arrive simultaneously) of the interference pattern. The exact shape of two-photon interference pattern as a function of arrival time difference strongly depends on spectral filtering applied by filters F. Typically, for Gaussian-shaped identically filtered photons, the interference pattern takes the form of the socalled Hong-Ou-Mandel dip which is a Gaussian shaped valley centered at zero arrival time difference.
First, we have tested the two-photon interference with several spectral filters on the forward propagating photon pair. The obtained Hong-Ou-Mandel dips are depicted in Fig. 5 and their visibilities and widths are summarized in Table II . The presented values are raw data without any corrections on photo-pulse statistics. Dip widths are presented as FWHMs in spatial domain FWHM s (distance traveled by motorized translation stage), time domain FWHM t (corresponding temporal delay), and in spectral domain FWHM f using the relation
with λ = 826 nm being the central wavelength. Note that ideally, FWHM f should coincide with the FWHM of the filter used.
In the next step, we have repeated the same interference measurement on the backward propagating pair. The obtained results were comparable to those presented for the forward propagating pair. For instance visibility observed with IF (3.0) in forward direction was V = 0.932 ± 0.005 while in backward direction it reads V = 0.910 ± 0.005. We conclude this testing step by noting that the source allows to generate pairs of mutually indistinguishable photons. This is manifested by reaching visibilities above 90% when sufficient filtering is used. Although the combination of quantum state tomography and two-photon interference presented in the previous subsection fully characterizes the emitted photon pairs, we also apply another diagnostic method, i.e., the two-photon interference measurement on entangled photon pairs. This method is of significant practical importance because it allows to quickly check for both entanglement quality and photon indistinguishability in one simple Hong-Ou-Mandel dip measurement. This method relies on the fact that interfering photons being initially in a singlet Bell state
(|HV − |V H ) antibunch instead of bunching as seen for symmetric twophoton states. As a result, one does not observe a dip but an anti-dip which is a Gaussian-shaped peak in the coincident detection rate centered at position associated with zero temporal delay between the photons. Visibility of an anti-dip is defined using a modified visibility formulaV
where cc max is the maximum of coincidence rate observed in the center of the anti-dip and cc min is the minimum or baseline observed for non-interfering photons due to temporal delay. For the purpose of thorough testing, we have set the source to generate the same Bell states (i) |Φ
and (iii) |Ψ − in both forward and backward propagating direction. Photons in |Φ + state bunch like two indistinguishable photons and hence this state was used only for verification of their spectral indistinguishability. On the other hand, in case of approximately |Ψ ± states, the interference visibility depends also on the balance between the |HV and |V H terms and on their mutual phase. Ideally, photons in |Ψ + state completely bunch (dip) while photons in |Ψ − state anti-bunch (anti-dip). Any imperfection in the the balance between the |HV and |V H components or imperfection in setting of their mutual phase shift causes visibility to drop. Results of the above mentioned interference measurement are depicted in Fig. 6 . Visibilities in both forward and backward directions were close to 80 % even for |Ψ − states. During this procedure, IF (3.0) interference filters were used.
Note that for a quick check of the source operation, the |Ψ − measurement suffices. On the other hand, one can not directly identify possible causes of decreased visibility from such measurement.
D. Two-photon interference between photons of different pairs
So far we have only focused on testing the qualities of the generated photon pairs. However, complex quantum gates require interaction between more than two photons and thus require the interference also between photons originating in two different pairs.
In this configuration, we overlap one photon from the forward-generated pair with one photon from the backward-generated pair using again a 2×2 fiber coupler leading to detectors (see Fig. 4b ). This time we register two-fold coincident detections of photons 1&3 (upper modes in Fig. 1 ) and also of photons 2&4 (lower modes). Relative delay between these photons is achieved by translation of the mirror M 3 . In contrast to the photon pairs, interference of two independent photons poses many more experimental challenges. Firstly, the photons are generated independently at any time the pumping pulse travels through the crystal. Hence, there is inherently a generation-time jitter causing imperfect overlap of the photons. Secondly, the probability of coupling one photon from the forward-generated pair and one photon from the backward-generated pair is close to the probability of coupling two photons from the forward generation direction (second-order SPDC process) and none from the backward direction or vice versa. These multi-photon contributions limit significantly the attainable visibility.
We have measured Hong-Ou-Mandel dips between the photon 1&3 and 2&4 using IF (5.5) filters. The raw visibilities read 8.8 % and 8.6 %, respectively (see Fig. 7 ). However, when we subtract the coincidence counts corresponding to the multi-photon contributions, values of visibilities increase to 30.1 % and 29.4 % which is still far from perfect. This is because of the arrival time jitter caused by the independence in photon generation. Note that the observed dips are considerably wider then expected with IF (5.5) filters. To minimize the effect of the jitter, we have repeated the same procedure with IF (1.5). With these filters, the dip is about 2.5× wider making the jitter less visible. IF (1.5) filters allowed us to reach raw visibility of 14.9 % and after compensation on multi- photon contributions even 59.9 %. We have accumulated the signal long enough to reach typical uncertainty of the visibility of 0.1 %.
E. Heralded two-photon interference between photons of different pairs
The multi-photon contributions are an inherent source of noise resulting from the photopulse statistics of the SPDC process. Generating photons in pairs allows to circumvent this issue by proper heralding. In the configuration presented in this subsection, we have overlapped modes 1 and 3 on a fiber coupler as usual, but simultaneously, we have directed modes 2 and 4 straight to detectors (see Fig. 4c ). Detection of a photon in mode 2 heralds presence of a photon in mode 1, and similarly detection of a photon in mode 4 heralds presence of a photon in mode 3. Therefore, when registering four-fold coincidence detections in all four modes, there is a significantly reduced probability of a multi-photon contribution from any of the overlapping modes. In theory, interference visibility can reach the value of 1. The overlapping modes were equipped with IF (1.5), but the remaining generation-time jitter still reduces the observed visibility which was 70.3 % without any corrections and 75.9 % when the remaining multi-photon contributions were subtracted. The resulting Hong-Ou-Mandel dip is depicted in Fig. 8 .
V. CONCLUSIONS
In this paper, we have described in detail construction of a versatile source of four photons. To facilitate possible reproduction of our scheme, we have also provided specific adjustment and calibration procedures. To verify the correct operation of our device, we have subjected it to a thorough testing procedure. By means of a quantum state tomography, we have established that states of purities above 90 % can be encoded on both the forward and backward propagating pairs. The source is able of generating various states including pure separable, pure entangled as well as partially and maximally mixed states. We have also included stability testing of the generated state across several hours. Indistinguishability of generated photons was tested using two-photon interference (Hong-Ou-Mandel bunching). First, we have measured interference visibility on photons belonging to the same pair. With suitable filtering, IF (3.0) or narrower, the visibility surpassed 90 %. In the next step, we have observed visibility between photons belonging to different pairs. Due to the inherent generation-time jitter, observed visibility was quite limited and reached only 60 % when IF (1.5) were used and multi-photon contributions were subtracted. Finally, we have set the setup for a heralded Hong-Ou-Mandel interference overlapping photons of different pairs but simultaneously heralding their presence by detection on the remaining two photons. This way, we were able to increase the interference visibility up to 76 %. Such visibility already allows demonstrating the working principle of a number of quantum protocols. Typical rate of four-fold coincidences in this particular configuration was about 1 per minute. The presented source already proved itself in practice in several QIP experiments involving entanglement detection [61, 62] and controlled teleportation. 
